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Abstract 
We describe a ‘Design of Experiment’ (DOE) technique used to optimize the process parameters of a new 
commercially available emitter clean solution aimed to enhance the output efficiency of the cell. Emitter 
etch solutions are known to substantially improve efficiency by reducing surface recombination of charge 
carriers and increasing the short circuit current of the cell. We have used a full factorial design of 
experiment with three variables kept at two levels. Appropriate randomization of the run order and three 
centre points were chosen in order to reduce experimental errors. Adjacent multicrystalline wafers chosen 
for this experiment were subjected to acid texturization, phosphorus doping, diffusion and phosphosilicate 
glass etching before the emitter clean step. We chose mean emitter sheet resistance (Rsheet) (average over 
25 positions on each wafer) as the response of this experiment. The aim was to achieve an increment of 
10% on Rsheet after emitter clean. Voc scan of the wafers were done to validate the Rsheet increments 
observed. The results showed that H2O2 concentration and temperature had statistically significant effects 
on change of Rsheet . Regression analysis was used to predict the optimized parameters that may achieve a 
10% increase of Rsheet. A validation run was carried out with this recipe in an automated production line 
and solar cells fabricated from this run showed a 0.18% (absolute) increase in efficiency and 15% 
(relative) reduction of recombination current density (Jo2) compared to standard reference cells processed 
without emitter clean.  
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1. Introduction 
Manufacturing processes in modern solar cell production lines are usually quite complex due to 
large number of variables that impact an individual process step. Considering the interactions that one 
such process step may have with another process, the number of variables that can potentially affect the 
final efficiency of the solar cell, are quite large. It is therefore imperative to use numerical and statistical 
tools to identify the critical process variables, in order to make an effective impact in enhancing 
efficiencies in the shortest possible time, which is the desired goal. Design of Experiments (DOE) is a 
useful tool for this purpose.  
Emitter clean solutions are known to increase efficiency by modifying the emitter surface after 
diffusion. This particular emitter clean solution (referred to as CLEANA in this paper) is a more recent 
addition to the family of clean solutions which is known to have the highest impact in efficiency 
enhancement due to its unique alkaline chemistry. The aqueous cleaning solution needs to be activated 
with H2O2 for achieving the desired results [1-3]. The gain in efficiency observed is due to the combined 
effect of removal of dead phosphorus layer from the emitter surface, reduction of surface defect states and 
reduction in the emitter thickness [1]. The impact is seen in the short circuit current (Isc) due to the 
improved response in the blue region of the solar spectrum and the open circuit voltage (Voc) due to 
reduction in the generation recombination current density (Jo2). 
2.  Experimental 
 
We carried out some initial screening experiments and then set up a full factorial DOE to arrive 
at the optimal conditions of emitter clean with the three variables, Volume ratio of CLEANA in the 
solution (denoted as CLEANA), Volume ratio of H2O2 in the solution (denoted as H2O2) and 
Temperature of the bath (denoted as Temp) set at two appropriately chosen levels. The levels were coded 
as +1 (high) and -1(low) in order to give equal weight in the final model. Three Centre Points where the 
levels of all variables are at the midpoint (i.e. at 0) were assigned. The purpose of having the Centre 
points is that we can measure the drift or instability that occurs during the course of the experiment and 
we can estimate the true experimental error. There are a total of 23 = 8 experiments to be performed along 
with three centre point experiments. The experiment sequence was randomized in order to reduce the 
possibility of systematic biases associated with the run order. The final matrix of the experiments is given 
in Table 1. 
 
Five nos. multicrystalline wafers, chosen from adjacent positions in an ingot were used in each 
of these controlled experiments. This was done to ensure that the wafer related variability in the 
experiment is minimised. We measured the sheet resistance of the wafer before CLEANA clean and after 
CLEANA clean at 25 positions on a single wafer using a four point probe measurement system (Model 
280 from Four Dimensions Inc.). The mean sheet resistance value before and after CLEANA clean was 
used to calculate the change in sheet resistance, according to the Eqn. 1 given below: 
 
%100*
 clean)CLEANA  before R
clean)CLEANA  before R -clean CLEANA after t (R  Rin  change %
sheet
sheetshee
sheet= ………Eqn.1 
 
Where, Rsheet after CLEANA clean and Rsheet before CLEANA clean are the mean sheet 
resistance  of a wafer after and before CLEANA cleaning stage respectively in ohms/sq. %change in Rsheet 
was used as the responses of the DOE during analysis. 
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StdOrder RunOrder CenterPt Blocks CLEANA H2O2 Temp 
10 1 0 1 0 0 0 
1 2 1 1 -1 -1 -1 
5 3 1 1 -1 -1 1 
3 4 1 1 -1 1 -1 
4 5 1 1 1 1 -1 
11 6 0 1 0 0 0 
6 7 1 1 1 -1 1 
9 8 0 1 0 0 0 
7 9 1 1 -1 1 1 
2 10 1 1 1 -1 -1 
8 11 1 1 1 1 1 
        
 
Table-1. Experimental sequence and levels of all variables as defined in Minitab-14 statistical software 
 
The Voc scan of the wafers were carried out with Correscan equipment whereas the dark, light I-
V and spectral response was measured with a Class A solar simulator from Spectra Nova Technologies. 
Standard curve fitting method was used to extract diode parameters from the dark I-V data. 
DOE was used to establish the desired increment of 10% in Rsheet. Subsequently the recipe of the 
process parameters was extracted from the fitted model and a validation run was carried out with this 
recipe on our crystalline solar cell production line for an identified batch of wafers. All other variations 
were accounted for by using ‘reference cells’ fabricated from similar wafers on which no CleanA 
cleaning step has been performed.  
 
4. Results and Discussion 
 
The Factorial design was analyzed with Minitab-14 software. The confidence interval for the 
checking the normality of the model was 95%. After checking for consistency in the ‘Centre Pt’ data and 
the normality of the response data, the responses were made to fit a regression model. The Analysis of 
Variance (ANOVA) shows that for an alpha value of 0.10, the concentration of H2O2 and temperature are 
the main effects in the fitted data for % change in Rsheet (p-value for main effects = 0.02). F-tests carried 
out from the ANOVA results show that the f-ratio of curvature of the fitted  model is 0.94 and the p-value 
is 0.403. The Lack of fit F-ratio is 2.11 and the P value 0.284, all considerably greater than p=0.05 (for 
null hypothesis validation). This signifies that no first order interaction effects are present in this response 
[5,6]. The Standardized effects Pareto and the main effects plot of the %change in Rsheet is shown in Fig 
1(a) and Fig 1(b). From these plots it is clear that Temperature has the strongest effect on the response.   
 
 
 
 
 
 
 
 
 
Fig 1(a) Pareto chart plotted in Minitab shows the significant factors as fitted in the model and 
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Fig 1 (b) the main effects plot for %change   in Rsheet 
The regression model of the fitted data was used to generate a contour plot of the change in       
% change in Rsheet for the two variables: concentration of H2O2 and temperature. This is shown in Fig 2. 
From the plot one can deduce the levels of these most significant variables (with others at base level) 
which can provide the required increase in Rsheet. We found that a value of 10% increase of Rsheet gave the 
most optimum results for our production process, and this value was used for carrying out all experiments 
subsequently. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Voc scan of a typical wafer before and after CLEANA cleaning step is shown in Fig 3. As 
can be seen the Voc map of the cleaned wafer shows more regions of high voltage (red), signifying that 
surface defects and trap centres are effectively removed in the process of cleaning the wafer with 
CLEANA. This also explains a 15% relative reduction in the diode recombination current density (Jo2) as 
seen in Fig 5, as compared to standard reference cells processed without emitter clean. 
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Fig.3. Voc scan maps of a typical wafer before and after CLEANA treatment 
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Fig.2. A contour plot shows the results of the regression fitted model 
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The electrical performance of the cells fabricated after CLEANA cleaning step showed a 0.18% 
increase as compared to reference cells processed without CLEANA cleaning step. This is shown in     
Fig 6. The efficiency increment is due to an increase of about 215 mA in short circuit current and about    
5 mV gain in open circuit voltage, as compared with reference cells. The fill factor however showed a 
reduction of by about 1.6%. The increase in short circuit current is due to reduced thickness of the emitter 
and the increase in open circuit voltage may be due to surface cleaning effects of the emitter cleaning 
solution. The CLEANA solution removes the dead layer of phosphorus present on the emitter surface.  
The presence of dead layer of phosphorus is highly preferred since it offers a better contact of emitter 
with the front metallization. Hence FF value also depends on the cleaning process. However, in our case 
the CLEANA solution is mainly modifying the surface layer of the emitter, by reducing the emitter 
thickness thereby increasing the probability of electrically shorting the junction (during firing through the 
silicon nitride top layer). This might be the reason for the reduction in FF value observed in these solar 
cells. A spectral response measurement (Fig 7) showed a considerable change in blue response due to 
emitter clean. This is expected from a thin emitter layer resulting from the CLEANA cleaning step. 
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Fig 5. Reduction in recombination current density observed after CLEANA treatment 
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Fig 7. Spectral response of cells processed 
with CLEANA vs. reference cells run on a 
production line 
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5.  Conclusion 
 
The increase in sheet resistance that can be achieved by CLEANA cleaning step depends 
strongly on the temperature of the bath and the concentration of H2O2 that is used to activate the bath. The 
final sheet resistance value depends on the starting wafer condition. Due to variations in production 
diffusion furnaces the variation of sheet resistance can be substantial. The thickness of the silicon nitride 
(SiN) that is deposited in the next step and the screen printed metal thickness and firing temperatures 
have a direct impact on the quantum of efficiency increase that can be realized in volume production. For 
example a very strong CLEANA etching step can result in very thin emitter with a very good ‘blue’ 
response, but during firing of top contacts, shunting of the junction may occur. Hence it is advisable to be 
prudent in optimization of the actual sheet resistance gain due to this emitter etch process. We have used 
DOE for this purpose and report that a 10% increment in sheet resistance can give us an optimal benefit 
by using the present set of other process parameters on our production lines. The power of statistical data 
analysis is adequately demonstrated as the results are achieved with a minimum number of process 
experiments. 
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